Abstract 8 In this paper we investigate the potentiality and the benefits of a soft Vertical Handover (VHO) mechanism, 9 compared with the traditional hard approach. More specifically, we present an analytical scheme for seamless service 10 continuity in a heterogeneous network environment, modeled by means of a multi-dimension Markov chain. The call 11 blocking probabilities, as well as the soft and hard vertical handover probabilities, are computed for specific networks 12 (i.e., UMTS and WLAN). 13
I. INTRODUCTION
Heterogeneous Wireless Networks (HWNs) represent the new scenario of Next Generation Network (NGN) 24 architecture, where different technologies, such as GSM (Global System for Mobile Communications), GPRS 25 (General Packet Radio Service), UMTS (Universal Mobile Telecommunications System), WLAN (Wireless Local 26 Area Network), WiMAX (Worldwide Interoperability for Microwave Access), LTE (Long Term Evolution) etc., 27 co-exist and offer an overlapped wireless coverage [1] . 28 Currently, wireless mobile networks and devices are becoming increasingly popular to provide user seamless 29 Internet access, anytime and anywhere. This has led to the concept of nomadic computing, which involves portable 30 devices (such as smartphones, laptop and handheld computers) providing Internet access to users connecting from 31 their home or office networks. Furthermore, multimedia services requirements encompass not only large bandwidth 32 communications, but also on-the-move facilities. NGN communication systems aim at providing seamless mobility 33 support to access heterogeneous wired and wireless networks [2] , [3] .
performance as well as low handover occurrences. 23 The contribution of this paper can be summarized as follows: 24 1) We propose a mathematical analysis of both hard and soft vertical handover schemes based on a six-dimension 25 (6-D) Markov chain model; 26 2) We define a reward and cost model based on the data rate and the bandwidth allocated to the incoming calls. 27 The model can be used by mobile users working in MCHO mode to decide whether perform a hard/soft 28 handover or not; 29 3) We define a soft/hard handover decision technique, which can work by using either the NCHO or the MCHO 30 approach, depending on the decision metric used. Handover decisions made on the basis of hard/soft vertical 31 handover probability are well suitable for NCHO, while a handover decision based on the gain function is a 32 viable solution for MCHO. 33 We first compare network performance by evaluating (i) the handover gain, expressed in terms of user bandwidth, 34 as well as (ii) the handover frequency, in two cases, such as with and without the possibility for the MT to perform 35 a SVHO. Then, we simulate the performance results of the proposed handover scheme, which aims at maximizing 36 hard vertical handover decision problem can be modeled as a Markov decision process. In Section V the benefit 48 and penalty functions are defined, in order to compare hard and soft VHO cases in terms of bandwidth gain. The 49 proposed hard/soft vertical handover algorithm is described in Section VI, while in Section VII we define our 50 simulation overlay heterogeneous network environment, and present the obtained results. As expected, from the 51 comparison between hard and soft mode, we show that system that use soft handover perform better than systems 52 using the hard approach. Finally, conclusions are drawn in Section VIII. 3 II. RELATED WORK 1 In this section we first recall the handover concept and different types of handover decisions. Then, we classify 2 recent research works on handover management, and position our technique in the existing literature. 3 Usually, in HWN environments continuous service is achieved by supporting VHO mechanism from one network 4 to another. Handover is the process of switching channel (i.e. frequency, time slot, spreading code, and other medium 5 access techniques) associated with the current connection, while a call is in progress [5] . Handover schemes are 6 classified into two broad categories i.e., (i) hard and (ii) soft handovers. In hard handover, current resources are 7 released before new resources are used, while in soft handover, for a period of time the mobile terminal has at least 8 two active interfaces for data transmission, such as both existing and new resources are used during the handover 9 process. 10 There are numerous methods for performing handover, relaying on centralized or decentralized decision-making 11 processes of handover (i.e., the handover decision may be made at the MT or network). From the decision process 12 point of view, we have (i) Network-Controlled Handover (NCHO), (ii) Mobile-Controlled Handover (MCHO) and 13 (iii) Mobile-Assisted Handover (MAHO) [5] , [8] . In a NCHO approach, the serving network makes a handover 14 decision based on the measurements of the MTs. This approach is used in first-generation analog systems, like AMPS 15 (Advanced Mobile Phone System) and TACS (Total Access Communication System). In a MCHO approach, each 16 MT is completely in control of the handover process, through measurements of the signal strengths and interference 17 levels from neighboring networks. Eventually, in a MAHO process, the MT takes the measurements and the network 18 makes the decision. This approach is typically used in GSM networks. 19 The standardization process of the handover mechanism is driven by the need of having a media independent 20 handover, working with different technologies. The IEEE 802.21 working group is involved in, [12] : 21 "Developing standards to enable handover and interoperability between heterogeneous network 22 types including both 802 and non 802 networks." 23 The IEEE 802.21 standard provides quick handover of data sessions with small switching delays and minimized 24 latency. As a result, the handover process becomes more flexible and appropriate, seamless and media independent. It 25 considers both wired and wireless technologies, not only belonging to the IEEE 802 family (such as 802. 3 [14] , [15] , [16] , [17] , [18] . Particularly, in [14] , Benoubira et al. investigate the issue of simultaneous connections 35 to be supported in Mobile IPv6 network scenarios. In the framework of IEEE 802.21, the authors introduce a novel 36 entity that communicates with Layer 3 and the MIH, and implements MIP functionalities. In [15] , Song et al. 37 use the Proxy Mobile IPv6 into IEEE 802.21 environment, and analogously, in [16] Tamijetchelvy and Sivaradje   38 present a fast vertical handover MIP, which works in heterogeneous WLAN/WiMAX networks. They showed that 39 this approach provides an efficient solution for mobility, multihoming, and routing in integrating heterogeneous 40 networks. Finally, in [18] a QoS-based vertical handover mechanism involving WiMAX and WiFi networks is 41 illustrated. Based on the Signal-to-Interference and Noise Ratio (SINR), the proposed technique adopts the IEEE 42 802.21 standard in order to assist in the handover decisions. 43 Apart from the recent IEEE 802.21 standard, novel techniques for seamlessly switching from a serving network to 44 a candidate network have been proposed, especially in order to minimize the handover latency and enhance network 45 performance. For example, vertical handovers issues have been investigated through radio resource management 46 techniques to minimize unnecessary (and unwanted) handovers [19] , [20] , [21] . At the same time, forced vertical 47 handovers may be imposed on certain groups of users to free up resources in the network, so as to admit more suitable 48 users. In [22] to model a simple adaptive bandwidth reservation mechanism. 53 main parameters in a Markov chain for modeling the handover delay. Finally, the use of Markov chains is also 23 applied for channel allocation mechanisms. In [32] , Xiao and Kim propose a new channel allocation policy for 24 satellite networks, and the use of a Markov chain with hysteresis control allows to calculate the new call blocking 25 probability, as well as handover blocking probability and the resource utilization. However, this model is quite 26 simple and is limited to two arrival calls in addition to the full state probabilities. Also, in [33] Wang et al. present 27 a handover scheme for dynamically management of the channels reserved for handover calls, based on the current 28 status of the handover queue. The proposed scheme consists of a three-dimensional Markov model in order to 29 analyze network performance and investigate the desirable tradeoff. 30 Till this point, we have cited works that do not take into consideration the effects of the soft VHO in a 31 heterogeneous networks environment. Actually, the benefits introduced by considering the SVHO are well known, 32 but no work exists in literature that mathematically characterizes SVHO and HVHO in HWNs and evaluate the 33 performance of the network in a general case. In fact, in [34] soft handover issue is just considered by traditional 34 horizontal scheme, where a MT is connected to two or more WLAN cells. In [35] , Li et al. propose an approach 35 for SVHO based on location information and they compare their scheme with pre-existent Mobile IP technique, by 36 handoff latency and packet loss. Finally, in [36] Ali and Pierre evaluate the impact of SVHO on the performance of 37 a specific service (i.e., the voice admission control) and propose a new algorithm based on their analytical model. 38 The main novelty of this work resides in the design and simulation of a vertical handover algorithm, which, in 39 respect of existing techniques, is more:
40
• Flexible: it can be driven by either network requirements (NCHO mode) or user requirements (MCHO mode);
41
• Complete: it can perform both hard and soft vertical handover. 42 We characterize the SVHO and HVHO impact on blocking and handover probabilities for generic services by a 43 6-D Markov chain, and then we present new reward and cost factors in the SVHO-HVHO selection. A new scheme 44 of soft-hard handover selection, based on both the mathematical model, and the reward and cost parameters, is 45 presented. Finally, it is worth observing that our solution is expected to fit appropriately into the IEEE 802.21 46 framework. As shown in the next sections, the proposed technique aims at improving handover initiation and 47 preparation, which is one of the main purposes of the IEEE 802.21 standard. In this section, we introduce the system model for a heterogeneous network environment, where we assume that 50 both hard and soft handovers can occur.
51
Wireless and cellular communication systems are generally based on the assumption that mobile users can be 52 served by the base station (or access point) that provides the best link quality [37] . At many locations overlapping link of acceptable quality with more than one base station. A multiple connection decreases the blocking probability 2 and the handover failure probability that the user can experience. 3 In this work, we consider an area where two networks i.e., A and B, operate simultaneously, as in Fig. 1 (a) . 4 Without loss of generality, we consider A as a UMTS network and B as a WLAN. In the example in the figure, 5 the two networks do not have the same coverage area, but MTs in the coverage area of B can be connected to A 6 as well. Thus, the network consisting of the overlap of A and B is an overlay heterogeneous network. For sake of 7 simplicity, we assume that A and B provide only two services, T ype 1 and T ype 2 .
8
The system model is shown in Fig. 1 (a) , where users A i (i.e., i = 1, 2, . . . , n) are in the coverage area of 9 network A, while users B j (i.e., j = 1, 2, . . . , k with k < n) are in the coverage area of network B and A as 10 well. Obviously, the following scheme can be extended to more complicated scenarios, by increasing the number 11 of networks and service types, as is typical in NGNs. 12 Both the networks have a limited number of resources, which can be frequency channels, time slots, scrambling 13 codes or a combination of them to provide users with the requested service. By using the same terminology of [1], 14 we will refer to the network that a call is initially connected to as the Serving Network (SN), and we will refer 15 to the other network as the Candidate Network (CN). New calls are managed on a first-come-first-served policy 16 by the network they attempt to connect to. When the number of calls increases and the traffic demand exceeds the 17 capacity provided by the SN, the call blocking probability increases too. Fig. 1 (a) . 27 
IV. MARKOV CHAINS MODEL

28
This section presents our proposed Markov chain, which describes how hard and soft vertical handovers occur 29 in a heterogeneous network environment. This model will be exploited by the decision process of the proposed 30 handover technique (see Section VI). More precisely, the Markov chains model provides information on (i) the 31 probabilities of performing either a HVHO or a SVHO, as well as on (ii) the gains associated with the execution of 32 a HVHO or a SVHO. The former information will be used by our technique when performing a NCHO, whereas 33 the latter will be useful for a MCHO to check if the user requirements are satisfied. 34 In order to better understand the following explanation the reader can refer to Fig. 1 Mean arrival rates of T ype 1,2 calls µ 1,2
Mean service rates of T ype 1,2 calls will be first routed by network A (B) 1 . Furthermore, we assume that the same service consumes the same units of The variables u and v indicate the number of calls that are currently experiencing a traditional hard vertical 10 handover [5] . In fact they are served by the CN, which is, respectively, network A for u and network B for v. The (ii) The calls currently connected to the SN while they are also connected to the CN. These calls are indicated 15 with y for network B and z for network A.
16
By using variables y and z we introduce the soft vertical handover, because these variables take into account 17 the connection of mobile terminals to their SN while they are also connected to the CN. In our model, when we 18 increase (decrease) variables y and z, we also increase (decrease) variables u and v, respectively 2 . This is well 19 described in Fig. 1 (b) , where the mobile terminal B 3 (A 3 ) is connected with both the networks in a soft VHO 20 call, which is characterized by variable y (v) and u (z). 21 As we can see from the variables definition of our system, T ype 2 (T ype 1 ) service calls towards network A (B) 22 are considered only by variable u (v). This means that a T ype 2 (T ype 1 ) call handled by network A (B) is considered 23 in HVHO by variable u (v) when no other connection is established, while in SVHO it is considered by variables u
24
(v) and y (z) when the call is also connected to network B (A Transition Description
Increase in the number of T ype 1 calls being served by network A i.e., (0, 0, w, x, 0, 0) → (0, 0, w, x + 1, 0, 0) with rate λ 1 for 0 ≤ x ≤ x max − 1 and 0 ≤ w ≤ w max , where
Increase in the number of T ype 2 calls being served by network B i.e., (0, 0, w, x, 0, 0) → (0, 0, w + 1, x, 0, 0) with rate λ 2 for 0 ≤ x ≤ x max and 0 ≤ w ≤ w max − 1, where w max = N B /U 2 and x max = N A /U 1 .
Increase in the number of T ype 1 calls being served by network B i.e., (0, v, w,
Increase in the number of T ype 2 calls being served by network A i.e., (u, 0, w max , x, 0, 0) → (u + 1, 0, w max , x, 0, 0) with rate λ 2 for w = w max and (u + 1) Transition Description
Decrease in the number of T ype 1 VHO calls being served by network A and B i.e.,
T 16 Decrease in the number of T ype 2 VHO calls being served by network A and B i.e., (u, v, w, x, y, z) → (u − 1, v, w, x, y − 1, z) with rate (u + y)µ 2 for (w + 1)U 2 + xU 1 > N B and zU 1 + (u + 1)U 2 > N A .
T 17
Decrease in the number of T ype 1 VHO calls being served by network B i.e., (u, v, w, x, y, z) → (u, v − 1, w, x, y, z) with rate vµ 1 for (w + 1)
Decrease in the number of T ype 2 VHO calls being served by network A i.e., (u, v, w, x, y, z) → (u − 1, v, w, x, y, z) with rate uµ 2 for (x + 1)U 1 + wU 2 > N A and (w + 1)
T 19 Decrease in the number of T ype 1 calls being served by network A i.e., (u, v, w, x, y, z) → (u, v, w, x − 1, y, z) with rate xµ 1 for (x + 1)U 1 + wU 2 > N A and xU 1 + yU 2 ≤ N B .
T 20
Decrease in the number of T ype 2 calls being served by network B i.e., (u, v, w, x, y, z) → (u, v, w − 1, x, y, z) with rate wµ 2 for (w + 1)U 2 + xU 2 > N B and zU 1 + wU 2 ≤ N A .
Hard and soft VHO conditions are expressed by transitions T 3 and T 4 , T 5 and T 6 , respectively. SN connection 
8 where w max = N B /U 2 and x max = N A /U 1 are the largest integer value less than (or equals to) N B /U 2 and 9 N A /U 1 , such that jU 2 + iU 1 ≤ N B and kU 1 + hU 2 ≤ N A , respectively. It follows u max = v max = y max = 10 z max = min{w max , x max }.
11
A block call for T ype 1 service occurs when both network A and B cannot provide resources to allocate the 12 new call, because this would cause the traffic to exceed the capacity of the networks. The T ype 1 service blocking 13 probability is:
15 where the first condition considers the capacity of network A when the call is considered as either a new call (i.e., 16 x → x + 1) or a SVHO call (i.e., z → z + 1), and the second condition considers the capacity of network B when 17 the call is considered as a VHO call (i.e., v → v + 1).
18
A hard vertical handover call for T ype 1 service occurs when network A cannot provide resources to allocate 19 the call, because this would cause the traffic to exceed its capacity, whereas network B can handle the call. The
20
T ype 1 HVHO probability is:
where the first condition considers the capacity of network A when the call is considered as either a new call (i.e., 23 x → x + 1) or a SVHO call (i.e., z → z + 1), and the second condition considers the capacity of network B when 24 the call is considered as a VHO call (i.e., v → v + 1).
25
A T ype 1 soft vertical handover call occurs when both the networks have the capacity to allocate the call. The T ype 1 SVHO probability is:
2 where the first condition considers the capacity of network A when the call is considered as a SVHO call (i.e., 3 z → z + 1), and the second condition considers the capacity of network B when the call is considered as a VHO 4 call (i.e., v → v + 1).
5
A block call for T ype 2 service occurs when both network A and B cannot provide resources to allocate the 6 new call, because this would cause the traffic to exceed the capacity of the networks. The T ype 2 service blocking 7 probability is:
where the first condition considers the capacity of network A when the call is considered as a VHO call (i.e., 10 u → u + 1), and the second condition considers the capacity of network B when the call is considered as either a 11 new call (i.e., w → w + 1) or a SVHO call (i.e., y → y + 1).
12
A hard vertical handover call for T ype 2 service occurs when network B cannot provide resources to allocate 13 the call, because this would cause the traffic to exceed its capacity, whereas network A can handle the call. The
14
T ype 2 HVHO probability is:
16 where the first condition considers the capacity of network A when the call is considered as a VHO call (i.e., 17 u → u + 1), and the second condition considers the capacity of network B when the call is considered as either a 18 new call (i.e., w → w + 1) or a SVHO call (i.e., y → y + 1).
19
A T ype 2 soft vertical handover call occurs when both the networks have the capacity to allocate the call. The
20
T ype 2 SVHO probability is:
22 where the first condition considers the capacity of network A when the call is considered as a VHO call (i.e., 
30
We will see in Section VI how the presented probabilities can be calculated by the network and used in a NCHO 31 approach to control the handover process. After introducing the handover probabilities, in this section we deal with a constrained Markov decision process, 34 and focus on reward and cost functions [40] . These concepts are investigated in this paper in order to evaluate the 35 real benefits of performing a soft vertical handover as opposed to a hard one. 36 Our proposed vertical handover algorithm acts either as NCHO or MCHO approach. When the MCHO mode is 37 selected the MT has to choose an action a based on its current state s, at each decision epoch. The MT's transition 38 to a new state depends on a probability function, as expressed in Section IV. This new state lasts for a period of 39 time until the next decision epoch comes, and then the MT makes a new decision again. 40 For any action that the MT chooses at each state, there is a reward and a cost associated with it. The MT's goal 41 is to maximize the expected total reward it can obtain during the connection lifetime, subject to the expected cost 42 constraint. 43 Let us denote the state space of the MT by S. We only consider a finite number of states that an MT can 44 possibly occupy [41] . The MT state contains information such as the SN identification, and the available bandwidth. 45 Specifically, the state space can be expressed as: where the symbol × denotes the Cartesian product, and B M is the available bandwidth of M networks (i.e., to (i.e., A s ⊂ 2). When an MT chooses an action a in the state s, it receives an immediate reward (i.e., r(s, a)). 4 We assume that the reward function depends on a benefit function, and a penalty function [41] . The benefit 5 function is expressed in terms of data rate that a MT benefits from when she makes a hard/soft handover to a CN. 6 The penalty function represents the network resources -in terms of bandwidth [b/s]-allocated when a MT makes 7 a hard/soft handover to a CN. 8 From the contributions of both benefit and penalty functions we can define the reward function 3 , which is 9 mainly exploited for the selection of a Soft Vertical Handover, with respect to the Hard Vertical Handover. selects an action a in state s, and makes a hard or soft vertical handover. 13 Let us assume a dual-mode MT is connected to a SN at a data rate B A [b/s]. For any reason, at t = t the 14 MT sends to the SN a (vertical) handover request message. The SN will check for available CNs. The (vertical) 15 handover request will be approved and the MT will switch to the CN in a soft handover (SVHO) or hard handover 16 (HVHO) way. We assume that the selected CN provides to the MT a data rate B B > B A [b/s]. In this case, we 17 expect that a vertical handover is necessary to improve the quality of service performance. The time interval from 18 the handover request message sending and the switching to a CN is assumed to be ∆t (i.e., ∆t = 120 ms, [1] ). 19 For a SVHO request, during the ∆t time interval, the MT will continue transmitting at B A data rate, while for 20 a HVHO the MT will interrupt the connection with the SN and no data transmission will be sent. Then, after ∆t 21 time interval, for a SVHO the MT will be connected both with the SN and the CN, and will be transmitting at 28 29 We can now give the following definition:
Definition 5-1. The benefit function represents the difference between the data rate received by a MT when a 1 (hard/soft) handover is executed, and the data rate before the handover will be executed. Generally, by assuming that the data rate improves when a soft (vertical) handover occurs, we consider the 4 benefit function as:
where we omitted the DR contribution during the transition time ∆t. Notice that the benefit function represents the 8 estimation of data rate gained when a handover is executed. It is constant versus time, as depicted in Fig. 4 (b) . 9 By assuming the action a is a switching from the SN to a CN, two case studies can be described by the following 1 from previous list. A hard VHO is a condition to avoid, because the data rate benefit from the CN would be null. 16 On the other hand, a soft VHO can occur and the data rate benefit function will be represented by a ratio, in which 17 (i) the numerator is the difference between available bandwidths in the CN and the SN, and (ii) the denominator 18 is the maximum available bandwidth. This case for SVHO and HVHO is expressed respectively as: Now, let us assume the SN has b i = max{B A , B B }, and b a = max{B A , B B } is the bandwidth in the CN. 25 If the MT switches from the SN to the CN, a soft VHO can occur and the data rate benefit is represented by a 26 ratio, in which (i) the numerator is the MT's actual increase of data rate due to handover, and (ii) the denominator 27 is the MT's maximum available data rate. This is the Case 2 from previous list. For SVHO and HVHO the data 28 rate-based benefit functions are, respectively 
32 33 34 Equations (11) - (14) can be collected in the following expressions:
38
B. Resource Allocation-based penalty function 39 When a MT requests a soft/hard handover initiation (i.e., during a ∆t time interval), the SN and the CN will 40 be allocating bandwidth (network resources) for the MT. Particularly, the SN will continue to reserve bandwidth to 41 the MT for data transmission; while the CN is responsible for authentication, authorization, and accounting load of the MT. After ∆t time interval, in a SVHO both the SN and the CN will maintain resources for the MT, while 1 in a HVHO, the SN will drop the allocated resources to the MT, and it will be connected only with the CN. The behavior of bandwidth for resource allocation during a soft and hard vertical handover is depicted in Fig. 5 3 (a). More in general it can be expressed as
We can now give the following definition: hard or soft vertical handover, at the expense of bandwidth allocation. 9 10 Formally, the penalty function is expressed as the difference between the bandwidth for resource allocation (i.e.,
11
BA(t)), and that for data transmission (i.e., DR(t)), such as 13 14 which is zero for t > t + ∆t and t < t , as well as shown in Fig. 5 (b) . 15 For the previous defined Case 1, the penalty function in hard and soft handover has the following expressions, 21 22 which are normalized with respect to the maximum available bandwidth. 23 Finally, for Case 2 the penalty function in hard and soft handover is expressed as which are normalized with respect to the maximum available bandwidth, respectively. Equations (19) - (22) can be 2 collected in the following expressions:
The range [t , t +∆t] represents a VHO initiation time, necessary to authentication, authorization, and accounting 10 information to MT's network access. We assume that ∆t also includes the link allocation and acquisition delay. If 11 a CN is not available to accept a new call, the time interval from the call rejection to the instant when the call is 12 still served by the SN is again ∆t, as assuming the call rejection time to be negligible. (21) and (22), for HVHO and SVHO, respectively. As g
HV HO p
is greater than g
SV HO p
, this 16 represents the benefit of a soft VHO respect to the hard one. ), we introduce the reward function 19 experienced by a mobile terminal. It is expressed as:
21
where r is the cost constraint for the penalty function. 
which occurs for SVHO and HVHO cases, respectively when 
5
By replacing (27) - (30), into (26) , the ideal gain function for SVHO and HVHO is respectively
7
Notice that the choice between HVHO and SVHO strictly depends not only by the hard and soft vertical handover 8 probability (i.e., P T ype1,2 xV HO ), but also by the gain function (i.e., G xV HO ). Basically, the probabilities of performing 9 a hard or soft vertical handover take network congestions and traffic load into account, while the gain function 10 mainly considers user and QoS requirements. In this section we present a simple algorithm that selects the proper vertical handover mechanism to maintain 13 seamless connectivity. Our technique can work both as (i) NCHO by relaying on a probabilistic approach for the 14 selection of hard/soft vertical handover, and as (ii) MCHO by exploiting the gain function as the handover decision 15 criterion. A schematic representation of the proposed (N/M)CHO VHO technique is provided in Fig. 7 . When an 16 event occurs (e.g., a new voice call originates in the network), the proposed algorithm first computes the (N/M)CHO 17 decision, and then it evaluates the benefits of making a soft or a hard handover. 18 The handover scheme is then expressed by three phases, each of them associated to a time epoch as depicted 19 in Fig. 8 , and described as follows: 2) VHO Preparation: for t < t < t + ∆t, immediately after the check for CNs availability, the decision on 24 whether to perform an NCHO or an MCHO is made. Then, a soft or hard VHO is executed depending on the 25 specific parameter used. In this phase, a VHO comparison is performed both between the NCHO and MCHO 26 modalities, and between the soft and hard handover. Our scheme allows the MT to use either the NCHO or 27 the MCHO approach, we are interested in using both and showing their different performance, therefore we 28 will not propose a specific way to choose the approach. We simply assume that the MCHO approach is used 29 when the MT possesses all the information to calculate the reward and cost function, presented in Section V, 30 and the NCHO otherwise. 31 Once the NCHO-MCHO choice has been made, the algorithm applies the following reasoning:
32
• In the NCHO case, the SN initiates and then executes a soft/hard vertical handover decision according to 33 the SVHO/HVHO probabilities. We assume that a hard vertical handover will be performed whenever the HVHO probability (i.e., P T ype1,2 HV HO ) is greater than the SVHO probability (i.e., P 
3 otherwise, a SVHO will occur; 4
• In the MCHO case, the MT makes a soft/hard vertical handover decision according to the SVHO/HVHO 5 gain, as expressed in (25) . We assume that a hard vertical handover is made whenever the HVHO gain 6 (i.e, G HV HO ) is greater than SVHO gain (i.e, G SV HO ) by the gain threshold (i.e, T h G ), such as
8 otherwise, a SVHO will occur. 3) VHO Execution: for t > t + ∆t, the MT will be served only by the CN (that will become the new SN) if a 10 HVHO occurs; otherwise, if a SVHO occurs, the MT will be served by both the CN and the SN.
11
VII. SIMULATION RESULTS
12
In this section, we report the simulation results that validate the proposed soft/hard vertical handover technique.
13
The 6-D Markov chain scheme allows us to compute the probabilities of the probabilistic approach in order to 14 evaluate the handover gain, for both soft and hard VHO cases. We expect high values of gain for the SVHO, along 15 with a low number of handover occurrences. This trade-off can assure a maximization of the throughput and a 16 limitation of unnecessary vertical handovers. 17 This section is organized as follows: we first describe the simulation setup in Subsection VII-A, and then in 18 Subsection VII-B we present simulation results of our handover algorithm, when it works in NCHO or in MCHO A. Simulation setup
1
The simulation results are computed by using an event-driven simulator, which has been developed in Matlab 2 7.11 and has been extensively used in several works dealing with seamless connectivity solutions in heterogeneous 3 networks [21] , [25] , [42] , [43] . It simulates users that move with velocity between 0.5 and 30 m/s in a heterogeneous is worth noting that we simulate a pedestrian environment because our proposal arises from the need to provide 12 seamless connection to users in densely crowded cellular scenarios, where they can use their multi-interface mobile 13 devices while walking. The simulation scenario can be easily extended to include higher speed users (e.g., in a 14 vehicular environment). In this case, we would expect that an increase of the speed would reduce the network 15 performance [42] . The heterogeneous scenario is modeled as a region of 4 km 2 , split into 400 × 400 zones of 25m 2 .
16
For each simulated scenario, the displacement of BSs and APs is randomly generated, in order to approximate 17 real outdoor environments. The APs and BSs positions are unknown a priori, and the MT moves within this area 18 according to a Random Waypoint model. In Fig. 9 we show the simulated network environment and an example 19 of path travelled by a MT. In the figure, the clearer the area, the higher the data rate available for the MTs. 20 For the network setup, we consider typical network parameters [7] , [25] : the nominal UMTS/WLAN capacity at The proposed Markov chain provides the computation of the probabilities that a (H/S)VHO occurs as well as the 29 gain obtained when a (H/S)VHO is initiated. We implemented equations (6), (7) and (31) into our Matlab simulator 30 in order to have an integrated modeling tool. However, the probability that a MT performs a handover from UMTS 31 to WLAN, and vice versa, is strictly dependent on the network setup. Hence, the MT makes the soft/hard VHO 32 decision according to the probabilistic approach. we show a comparison of our approach to other vertical handover solutions. 7 8 Let us assume a MT is a dual-mode device with UMTS and WLAN network interface cards; when the MT is 9 connected to a WLAN AP, it uses a T ype 1 service. Notice that, in our simulator, each service is defined by the 10 amount of radio resources requested. A particular service request (e.g., a new phone call) is served if the required 11 radio resources are available; otherwise the request is switched to another network. If the new network is also 12 unable to serve the request, the call will be blocked and cleared. 13 We assume that WLAN and UMTS networks have N W LAN and N U M T S units of resources, respectively; NCHO-mode. When the RSS of the active connection drops below a threshold, the MT performs a soft or hard 20 VHO decision according to SVHO and HVHO probabilities, as in (32) , where the VHO threshold T h P is set equal 21 to 0.2 (see TABLE III (b)). In Fig. 10 (a) we show the performance in terms of throughput experienced by the MT 22 during its journey when either a soft or hard VHO occurs. We observe that the performance of the SVHO shows 23 average values which are greater than those of the HVHO. Particularly, by examining the last part of the MT's path 24 (i.e., at 2500-th step), we can see the gap between average Cumulative Received Bits (CRB) for SVHO and HVHO, 25 ( Fig. 10 (b) ). This demonstrates that a SVHO provides a better performance than a HVHO. The CRB performance is 26 evaluated for different values of the waiting time parameter (i.e., T wait in the range [30, 300] seconds). The waiting 27 time parameter is employed to limit the handover frequency, as well as to save MT's battery life. It represents the 28 time interval for a MT to be in idle mode and inhibit the use of any handover algorithm [11] , [25] . Simulation results 29 show that the CRB does not depend on the variation of the waiting time; only little fluctuations are experienced for 30 HVHO case. This is caused by he fact that CRB performance only depends on handover probability comparison. 31 In Fig. 11 while minimum values are 1.35% and 0.86% for SVHO and HVHO, respectively, when T wait = 300 s. We observe 1 that the waiting time parameter affects the average gain. case. This represents a good result to avoid the well-known ping-pong effect, that is a cause of excessive network 5 resource consumption and also affects the MT's performance [25] . By defining the handover frequency bands as 6 the difference between the minimum and maximum number of handover occurrences, for hard and soft cases, we 7 notice the HVHO frequency band is about 191, while it is 121 for SVHO case. As a conclusion, we claim that the 8 waiting time parameter affects in a good way the SVHO frequency. 9 10 MCHO mode. In this case, the MT initiates and then executes a soft/hard vertical handover decision, according 11 to SVHO/HVHO gain, as defined in (33) , where the gain threshold T h G is set equal to 0.2 (see TABLE III (b)). Results are in line with previous results for NCHO mode (see Fig. 10 ), although a small performance decrease is 14 noticeable. This is expected since the algorithm working in NCHO allows MT to make handovers according to 15 decisions taken directly by the SN, and no QoS or user requirements are considered. are the preferred choice in NCHO, whereas hard handovers are avoided due to the negative gain. As a consequence, 9 the HVHO frequency band is 0, while it is 21 for the SVHO case. 10 In order to assess the performance of the proposed technique, we will compare our approach with other vertical 11 handover solutions. Particularly, we have implemented three solutions based on different handover decision criteria:
12
• A multi-parameter vertical handover exploiting data rate requirements and information on interference level, 13 i.e., DRI, Data Rate and Interference-based vertical handover;
14
• Two single-parameter vertical handover approaches: (i) a traditional Power-Based approach (PB) and (ii) a 15 Location-Based approach (LB). In order to initiate a handover, they use power measurements and location 16 information, respectively. 21 All the implemented techniques are intended to limit the number of handover occurrences. In contrast, DRI is a 1 combined vertical handover decision algorithm aiming to optimize user requirements (goodput), but at the same 2 time takes into account the interference and noise level in a candidate network. Basically, in the DRI approach, 3 the RSS measurement is used to drive a VHO during the initiation phase, while the data rate estimation from 4 Signal-to-Noise-and-Interference Ratio (SINR) factor guides the handover execution phase. 5 In Fig. 14 (a) and (b) we respectively report the average number of handovers and CRB, for all the approaches, 6 versus the waiting time. Notice that the benefit of a handover technique can be highlighted through a tradeoff 7 between the number of handover occurrences, and the CRB. The optimal approach provides a high CRB with a low 8 number of handovers, which means achieving performance maximization while limiting the energy consumption. 9 In Fig. 14 (a) , we can see that the SVHO shows the best performance in terms of CRB, for both NCHO and 10 MCHO modalities. These results highlight the benefit of performing soft vertical handover in respect of the hard 11 approaches. As a matter of fact, hard solutions, both in NCHO and MCHO, have a behavior as typical as that 12 of other multi and single parameter schemes. However, considering Fig. 14 (b) , we can notice that the SVHO in 13 MCHO needs a high number of handovers, whereas lower values are shown for both hard and soft approaches 14 in NCHO. Single-parameter approaches present a very low number of handovers, due to their purpose of limiting 15 unwanted handovers. rank the handover approaches in order to highlight the effectiveness of the compared techniques. We notice that 7 the soft approaches outperform other techniques concerning the CRB, whereas hard approaches show a decrease of 8 the CRB as well as a limitation of the average number of handover occurrences. Thus, depending on the criterion 9 we want to consider, a given handover technique can be selected accordingly. 10 VIII. CONCLUSIONS 11 In this paper we have proposed a novel vertical handover algorithm which exploits the potentiality of both hard 12 and soft handovers, in a dual-mode configuration (i.e., NCHO and MCHO). Our algorithm aims to maintain seamless 13 connectivity to users moving in a heterogeneous networks environment (i.e., comprised of WLAN hot-spots and 14 UMTS base stations), while still guaranteeing user QoS requirements. We have designed a system model through 15 a multi-dimension Markov chain, in order to define soft and hard vertical handover probability, as well as block 16 probabilities. Simulation results have shown how soft vertical handover is preferred, compared to the traditional hard 17 approach, since bandwidth gain and limitation of number of handovers are maximized. Moreover, the effectiveness 18 of the proposed approach with respect to other single and multi-parameter VHO techniques has been proven by 19 extensive simulation results. 20 Future work will investigate the adoption of our technique in the IEEE 802.21 framework. In this work, 21 we highlighted the correspondence of MIH events and commands with the proposed technique, where an event 22 corresponds to a new incoming call and a command to a (N/M)CHO decision. 23 
